Limb girdle muscular dystrophy 2I is a slowly progressive muscular dystrophy due to mutations in the Fukutin-related protein (FKRP) gene. Clinicians are frequently asked if physical activity is harmful for pediatric patients with limb girdle muscular dystrophy 2I. The primary objective of this study was to determine if there is a relationship between self-reported childhood activity level and motor function and respiratory function in older children and adults with limb girdle muscular dystrophy 2I. We compared retrospective self-reported middle school activity level and sport participation with age at onset of weakness, 10-meter walk test, and forced vital capacity later in life in 41 participants with FKRP mutations. We found no relationship between activity level in childhood and disease course later in life, suggesting that self-directed physical activity in children with limb girdle muscular dystrophy 2I does not negatively affect disease progression and outcome. The dystroglycanopathies are a group of autosomal recessive muscular dystrophies characterized by reduced or absent glycosylation of alpha dystroglycan, an extracellular component of the dystrophin glycoprotein complex.
The dystroglycanopathies are a group of autosomal recessive muscular dystrophies characterized by reduced or absent glycosylation of alpha dystroglycan, an extracellular component of the dystrophin glycoprotein complex. 1 Of the 18 currently known genes involved in alpha dystroglycan glycosylation, mutations in fukutin-related protein (FKRP) are the most common in Northern European populations. FKRP mutations typically result in limb girdle muscular dystrophy type 2I, manifested by proximal muscle weakness with varying age at onset, elevated CK, normal intelligence, late stage cardiomyopathy and respiratory insufficiency. Less commonly, mutations in FKRP cause congenital muscular dystrophy. 2 There is an FKRP founder mutation (c.826C>A; p L276I) that is identified in heterozygous or homozygous state in virtually all patients. 3 Those homozygous for c.826C>A tend to have a milder phenotype. 2, 3 Clinicians are regularly asked about appropriate physical activity for children with muscular dystrophy. Animal studies show accelerated muscle injury following eccentric exercise in models of dystrophin glycoprotein complex-related muscular dystrophies. [4] [5] [6] [7] As a result, care guidelines for Duchenne muscular dystrophy (a dystrophin glycoprotein complex-related muscular dystrophy) recommend gentle, submaximal exercise and stretching. 8 These recommendations are often applied to other related forms of muscular dystrophies. In contrast, research in humans [9] [10] [11] has shown that exercise can result in increased strength, even in those with dystrophin glycoprotein complex-related muscular dystrophies, and can be encouraged. Thus, we were interested in exploring if self-reported high activity in childhood was associated with either better or worse motor function or pulmonary function later in life in a cohort of participants with limb girdle muscular dystrophy 2I.
Methods Participants
All individuals with mutations in FKRP who are enrolled in a dystroglycanopathy natural history study (clinicaltrials.gov NCT00313677) were included in this study. Entry criteria for the natural history study included evidence of dystroglycanopathy based on elevated creatine kinase, muscle pathology, documented mutations in one of the known genes, or abnormal glycosylation of alpha dystroglycan in cultured fibroblasts. There are no predefined exclusion criteria for the natural history study. Clinical data were collected at entry into the study and updated annually. Inclusion in the current study was limited to those for whom we have self-reported middle school activity data.
Ethical Approval
The University of Iowa institutional review board approved this study. Informed consent was obtained from all participants at enrollment in the natural history study. Additional written consent to release medical information was obtained for collection and review of medical records.
Self-Reported Data
A physical activity questionnaire was completed by all subjects during their first research assessment as part of the natural history study (supplemental file). Participants were asked to estimate their overall level of physical activity at different age ranges (grade school, middle school, high school, age 20-30, and >30 years old) using a Likert-type scale from 0 to 10, where 0 was little physical activity, 5 was moderate physical activity, and 10 was athletic or very active. They were also asked whether or not they participated in sports and lessons (eg, swimming, dance, martial arts) for each age group (yes/no). We chose the reported activity during middle school (typically ages 11-14 years) for this analysis because it maximized the number of participants with analyzable data, and self-perceptions of ability during this age range are more accurate than early ages.
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Age at onset of disease was defined as the first symptom of motor weakness as reported by subjects, confirmed by medical record review where possible.
Motor Function
As part of the natural history study, a number of motor outcome measures were collected. We chose to use the 10-meter walk test as a measure of motor function for this analysis because this measure has the most complete data set in our cohort. The 10-meter walk test was administered by a trained physical therapist for all ambulatory individuals who were over 2 years of age and able to cooperate. If orthotics were used by the participant during normal activity, they were permitted during the timed test. Other aids (eg, cane, walker) were not permitted. Participants were encouraged to walk or run as fast as they could do safely. Timing was started when the physical therapist said ''go'' and stopped after the second foot cleared the finish line. Participants were encouraged to continue past the 10-meter mark to prevent slowing down prior to completing the task.
Ten-meter walk test times from the most recent research assessment were converted to speed (cm/s), thus speed was 0 cm/s for nonambulatory individuals. For individuals who lost ambulation prior to their first research assessment, clinical data were reviewed to determine age at loss of ambulation. Walking speeds were compared to age-and sex-matched normative ''maximum gait speed'' values reported by Bohannon et al, though pediatric normative values were not available. Thus, all individuals under age 20 were excluded from analysis of walking speeds. Individual z scores were calculated based on these normative values and were used for statistical analysis.
Pulmonary Function
Individuals had forced vital capacity measured at each research visit using a Renaissance portable pulmonary function machine by a physical therapist or a nurse experienced in the testing. In the current study, forced vital capacity percent predicted while sitting was used to evaluate respiratory function as it standardizes results against age-, sex-, and height-based controls.
Statistical Analysis
One-way analyses of variance with test of mean contrast for a linear trend were performed to evaluate the association of self-reported middle school activity level or participation in sports/lessons with the 2 outcome measures, forced vital capacity and 10-meter walk test z scores. In addition, because duration of disease may be associated with the outcome measures, a second analysis with duration of disease as covariate was also performed. Spearman correlation was used to evaluate the relationship between self-reported middle school activity level and participation in sports and lessons using 3 categorical variables (not involved, involved in sports or lessons, and involved in both sports and lessons), and between onset of disease and self-reported middle school activity level. To compare 10-meter walk test z scores between those with and without activity induced myoglobinuria, a 2-tailed t test was performed. Two-tailed t tests were performed to compare age of onset, 10-meter walk test z score, and middle school activity level between those with and without cardiomyopathy. A significance level of P .05 was chosen for all statistical analyses.
Results
Out of the 59 individuals with FKRP mutations enrolled in the natural history study, we identified 41 individuals (69.5%) for whom middle school activity level questionnaire data were available. The 18 excluded subjects had not yet reached middle school at the time of enrollment. This group had earlier onset of weakness (mean ¼ 5 years) and was skewed toward individuals with heterozygous mutations compared with the analyzed group. All 41 subjects had spirometry and age at onset data analyzed. The 10-meter walk cohort was limited to those >20 years old (n ¼ 28) based on the published normative data. Two individuals had missing data for the 10-meter walk test, leaving 26 individuals available for the motor function analysis. Demographics are summarized in Table 1 . The subgroup (>20 years old) analyzed for motor function is heavily skewed toward individuals with homozygous c.826C>A mutations. This reflects the age distribution by genotype of the cohort in general; individuals with compound heterozygous mutations are younger than individuals with homozygous c.826C>A mutations.
We found no significant relationship between retrospective self-reported level of middle school activity and 10-meter walk test in adulthood (P ¼ .81; Figure 1A) . Similarly, we found no significant relationship between forced vital capacity and middle school activity levels (P ¼ .56; Figure  1B ). Nineteen individuals (46%) had forced vital capacity greater than 80% of predicted. For both measures we found a wide range in our measures of function later in life at each of the reported levels of activity in middle school. For analyses using duration of disease as a covariate, no significant relationship was found between middle school activity level and either outcome measure:10-meter walk test (P ¼ .83) or FVC (P ¼ .74).
To determine the relationship between age of onset and middle school activity level, we compared these variables in 2 populations: the entire cohort and a subset with onset after age 12 years. For the entire cohort, there was a positive correlation (r ¼ 0.46) between age of onset and self-rated middle school physical activity level (P < .001). In the subset of individuals with onset after age 12 (n ¼ 19), no significant relationship was found between age of onset and middle school activity level ( Figure 1C ). Of the 4 individuals with selfreported middle school activity of 6, 75% had onset prior to age 20 compared with only 1 individual (activity level 8) in the remainder of those with onset after age 12.
To determine if a relationship between subjective activity level and sports/lesson participation existed, we compared selfreported middle school activity level to involvement in sports and lessons (Figure 2 ) and found a positive correlation (r ¼ 0.61, P < .0001). No individual self-rating activity at 5 or lower participated in sports, and only 4 (44%) took lessons. All individuals (n ¼ 18) self-rating activity at 8 or higher participated in sports and/or lessons, and 8 (44%) of these individuals participated in both sports and lessons. There was no statistically significant relationship between involvement in sports and/or lessons and 10-meter walk test (P ¼ .41) or forced vital capacity (P ¼ .27).
We also looked at presence/absence of at least 1 episode of myoglobinuria to see if those who were more active were more likely to report myoglobinuria and to see if such episodes had any effect on later walk speed. Nine individuals (22%) of this cohort reported myoglobinuria, and of those individuals, 89% (n ¼ 8) had middle school activity levels above 6. Two-tailed t test showed no significant difference between mean 10-meter walk test z scores comparing those with and without activityinduced myoglobinuria (P ¼ .42). Cardiomyopathy can occur in LGMD2I and can also affect motor function. Ten (24%) of the total cohort and 6 (23%) of the motor function cohort have had at least 1 abnormal echocardiogram, indicating cardiomyopathy. Age of onset of cardiomyopathy ranged from 13 to 48 years (middle school is generally 12-14 years). Age at onset was indeterminate in 4 individuals (ages 15, 30, 34, and 36 years) for whom the first echocardiogram was abnormal. All of these echocardiograms were done as part of routine health care, not because of symptoms. Middle school activity level ranged from 2 to 10 for individuals with cardiomyopathy and was not significantly different from those without cardiomyopathy (P ¼ .18). Twotailed t test showed no significant difference between mean 10-meter walk test z scores between those with and without cardiomyopathy (P ¼ .23).
Discussion
We found that self-reported level of physical activity, from little activity to very active, and participation in sports did not correlate with performance on 10-meter walk test or spirometry later in life in a population of individuals with limb girdle muscular dystrophy 2I. Similarly, no relationship was found between middle school activity level and age of onset of weakness in individuals with onset after middle school. There was large variation in function within groups, suggesting that other factors are more influential on progression of disease than early activity level.
Previous research investigating the effects of exercise programs in individuals with muscular dystrophy have included primarily adults and heterogenous groups of neuromuscular disorders with small numbers of individuals with limb girdle muscular dystrophy. Strength training regimens have shown modest improvements in muscle strength.
10,13-15 Aerobic training, alone or in combination with strength training, appears to be beneficial in heterogeneous populations of adults with neuromuscular disorders 16, 17 and cohorts of individuals with limb girdle muscular dystrophy 2I. 9 A systematic review of previous research showed negligible adverse effects of exercise therapy. 18 Physical activity in pediatric populations is primarily studied in healthy individuals and rarely in those with rapidly progressing muscular dystrophies such as Duchenne muscular dystrophy. In boys with Duchenne muscular dystrophy, exercise regimes have shown little to no benefit, 19, 20 while animal models show muscle damage following eccentric exercise. [4] [5] [6] [7] In the current study, individuals who participated in a high level of physical activity in childhood did not have a slower walking speed on the 10-meter walk test later in life than those who were less active, as would be expected if this activity level had a net detrimental effect on muscle, nor did they have an earlier onset of symptomatic muscle weakness. As one would predict, individuals with earlier onset of weakness reported lower middle school activities when evaluating the entire cohort. Even among those who reported onset of diseaserelated weakness after age 12, we observed that a lower activity (rated 6, Figure 1C ) subgroup had earlier onset than those with higher activity levels. We suspect this reflects self-selection of lower activity by individuals who may have been experiencing subtle weakness or fatigue.
Cardiopulmonary function in individuals with neuromuscular disease has been shown to improve following aerobic exercise, equivalent to improvements in deconditioned healthy controls. 16, 21 Improvements are presumably related to countering the deconditioning that accompanies weakness. 22 Our study did not identify significant positive correlations between middle school activity level and pulmonary or motor function later in life based on limited outcome measures. Comparing those with and without cardiomyopathy, we were unable to identify a statistically significant difference between motor function or middle school activity level, suggesting that our motor function results were not affected by comorbid cardiomyopathy. Further, in most cases, cardiomyopathy in our analyzed cohort had onset after middle school so is unlikely to have affected self-reported activity level.
We previously reported a high incidence (27%, similar to 22% in the present cohort) of exercise-induced myoglobinuria in individuals with limb girdle muscular dystrophy 2I. 23 The activities we reported associated with myoglobinuria support the impression here that individuals with limb girdle muscular dystrophy 2I are often quite active (eg, weightlifting, swimming, wrestling) and are consistent with our current observation that this group described themselves as active in middle school (rated 6). It is interesting that individuals with activity-induced myoglobinuria did not have worse function in adulthood.
Limitations of this study include the small sample size and reliance on retrospective self-reported data. Previous research has shown that many variables including lower education level, maleness, and increased age may lead to overestimation of self-reported physical activity levels. 24 Estimation errors may be more prevalent in this population as they were reporting middle school activity level. The normative data used in this study was gathered from subjects on a 7.62-meter course rather than a 10-meter course. Because speed values were used rather than time for completion, the overall effect of this difference should be minimal. Finally, age at onset and the 2 measures of function later in life (10-meter walk test and forced vital capacity) used in this analysis do not capture all aspects of the disease. There could be effects of exercise that we did not measure.
The question of whether a child with a genetic diagnosis of muscular dystrophy should be allowed to participate in selfselected activities, including organized sports, often arises in clinic, and there is little data available to support our clinical answers. The results of this study, together with previous studies, suggest that for individuals with limb girdle muscular dystrophy 2I (particularly those with milder phenotypes who are homozygous for the c.826C>A variant) being active in later childhood does not correlate with slower walking speed or decreased pulmonary function later in life. For those who were presymptomatic in middle school, activity was not correlated with age at onset of weakness. This preliminary study provides additional reassurance about the effect of self-selected activity in individuals with limb girdle muscular dystrophy 2I and suggests that participation in sports and physical activity during childhood does not negatively affect later function. It remains important for physicians to consider all aspects of an individual's health, such as cardiac function, prior to offering advice about activity level. Future studies using prospective data collection and long-term follow-up could further our understanding of the impact of childhood activity on all aspects of function later in life for individuals with muscular dystrophy.
